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Summary
The coiled coil is a widespread motif involved in oligo-
merization and protein-protein interactions, but the
structural requirements for binding to target pro-
teins are poorly understood. To address this question,
we measured binding of tropomyosin, the prototype
coiled coil, to actin as a model system. Tropomyosin
binds to the actin filament and cooperatively regulates
its function. Our results support the hypothesis that
coiled-coil domains that bind to other proteins are
flexible. We made mutations that alter interface pack-
ing and stability as well as mutations in surface resi-
dues in a postulated actin binding site. Actin affinity,
measured by cosedimentation, was correlated with
coiled-coil stability and local instability and side chain
flexibility, analyzed with circular dichroism and fluo-
rescence spectroscopy. The flexibility from interrup-
tions in the stable coiled-coil interface is essential
for actin binding. The surface residues in a postulated
actin binding site participate in actin binding when the
coiled coil within it is poorly packed.
Introduction
Tropomyosin, a fully coiled-coil protein that binds to
actin filaments and follows the actin helix, cooperatively
regulates contraction in response to myosin binding to
actin, and Ca2+ binding to troponin, in striated muscles
(Perry, 2001). The focus of the present investigation is
to learn how the tropomyosin coiled coil is designed to
bind to actin. Tropomyosin serves as a model to under-
stand how coiled-coil proteins bind to their targets.
The term ‘‘coiled coil’’ was coined by Francis Crick to
describe how twisting the a helix to form a coiled coil ex-
plained the altered helical diffraction pattern of k-m-e-f
fibrous proteins. In his model, published the same year
as the model of another double helix, Crick postulated
the fundamental ‘‘knobs-into-holes’’ packing at the in-
terface between the two coiled-coil a helices of nonpolar
groups, particularly valine, leucine, and isoleucine, now
referred to as ‘‘canonical’’ coiled-coil interface residues,
by using tropomyosin as an example (Crick, 1953). Crick
understood that the amino acid sequence contains
structural information and predicted that polar and non-
polar residues would alternate, with nonpolar amino
acids occurring on average every 3.5 residues so that
they could point to the inside of the molecule. The gen-
eral significance of the coiled coil for protein-protein in-
teractions did not escape Crick’s notice, as he specu-
*Correspondence: hitchcoc@umdnj.edulated, ‘‘whether this (type of packing) may..provide
a mechanism whereby two small molecules, each rather
rigidly attached to part of the protein surface, could be
brought into proximity in a specific manner’’ (Crick,
1953). Crick’s hypotheses have been proven many times
over. First, the tropomyosin sequence illustrated the
heptapeptide repeat of hydrophobic residues (Stone
and Smillie, 1978). The crystal structure of the GCN4
leucine zipper showed the knobs-into-holes packing of
the two chains (O’Shea et al., 1991), and there are nu-
merous examples of the association of globular proteins
via coiled-coil interactions.
It is less well-understood how coiled coils bind to
other proteins. Analysis of the tropomyosin sequence
revealed periodicities in noninterface positions postu-
lated to be seven quasi-equivalent actin binding sites
along the length of one tropomyosin that correspond
to the seven half-turns of the supercoil (McLachlan and
Stewart, 1976; Phillips, 1986). Taking into account the
azimuthal positions of residues, Phillips (1986) identified
a 7-fold structural repeat of charged and nonpolar resi-
dues in surface positions, referred to here as consensus
residues (Figure 1, in cyan; Table 1, in boxes). McLa-
chlan and Stewart (1976) also noted a periodic distribu-
tion of small nonpolar amino acids (such as Ala) at the in-
terface that they suggested would allow flexibility and
bending of the tropomyosin supercoil on the actin fila-
ment helix. While they are roughly periodic, the ‘‘Ala
clusters’’ (Brown et al., 2001), or ‘‘destabilizing clusters’’
(Kwok and Hodges, 2004), do not always correspond to
the Phillips repeats (Figure 1, in magenta).
Given the basic structure of coiled coils to allow asso-
ciation of a helices, we ask how they are designed to
bind to target molecules—actin and troponin in the case
of tropomyosin. We show here that interruptions in the
canonical coiled coil locally destabilize the protein, re-
sulting in side chain flexibility because of poor packing
at the interface. Furthermore, regions of noncanonical
coiled coils coincident with a specific pattern of nonin-
terface residues are shown to be features of an actin
binding site on tropomyosin. We infer from these results,
and others, that, in many cases, the interaction of coiled
coils with target molecules (beyond dimerization or olig-
omerization) will be shown to require a flexible, less-
stable coiled coil at the binding site. Similarly, the im-
portance of the conformational properties of intrinsically
unstructured or poorly structured regions of globular
proteins involved in functional interactions that fold
upon binding to a target is now recognized to be wide-
spread (Dyson and Wright, 2005).
Results
Rationale and Mutant Design
In a previous study, we showed that local destabilization
of the tropomyosin coiled coil gives the molecular flexi-
bility required for actin binding (Singh and Hitchcock-
DeGregori, 2003). In that work, we introduced mutations
at the Ala cluster in the coiled-coil interface of period 2.
We selected that region for our initial study because
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44Figure 1. Structure of Striated Muscle a-Tropomyosin
The side chains of the alanine clusters (magenta) and consensus actin binding sites (cyan) (Phillips, 1986) are illustrated on a ribbon model of the
7 A˚ structure (Whitby and Phillips, 2000). Below, residues 165–188 (part of period 5, encoded by exon 5) are enlarged with the side chains of
interface Ala residues (in magenta, space filling), canonical interface residues (green), and consensus residues (cyan). The colors used are
the same as in Table 1. In Exon 5-Zip, the interface between the two chains is canonical. In Exon 5-Zip-Revert, the wild-type Ala cluster and
the canonical binding site residues were restored.previous work had shown that tropomyosin functions are
relatively insensitive to deletion of period 2 (Hitchcock-
DeGregori and Varnell, 1990), replacement with an alter-
natively expressed exon (Cho and Hitchcock-DeGregori,
1991), or replacement of the first 14 residues (including
5 of 7 consensus residues in period 2) with a GCN4 leu-
cine zipper (Hitchcock-DeGregori and An, 1996). The
Ala cluster in period 2 is well-defined, but it is not within
a Phillips consensus site (Figure 1). Replacement of the
interface Ala residues with canonical interface residues
Leu and Val stabilized the coiled coil and destroyed actin
affinity. In contrast, a mutant with alanines changed to
Asn and Gln, residues that mimic the stability of the
wild-type interface, but not the predicted close packing(Tripet et al., 2000), retained function (Singh and Hitch-
cock-DeGregori, 2003).
Here, we turn our attention to the Ala cluster in the
N-terminal portion of period 5, residues 165–188, a highly
conserved region encoded by the constitutively ex-
pressed exon 5 (Perry, 2001). The noninterface residues
that form the fifth consensus actin binding site (within
residues 167–185) (Phillips, 1986) overlap the interface
Ala cluster (within residues 179–186) (Figure 1). This re-
gion includes two mutations that cause hypertrophic
cardiomyopathy, D175N and E180G (Thierfelder et al.,
1994). Deletion of this region, or replacement with a
GCN4 leucine zipper, results in severe loss of function
(Hitchcock-DeGregori et al., 2002).Table 1. Tropomyosin Mutants
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quirements of coiled-coil flexibility (instability) and se-
quence for tropomyosin function. First, we modified
the stability of the coiled coil by changing the hydropho-
bicity of the residues at the interface Ala cluster (A179,
A183, S186). Second, we made mutations in interface
and noninterface residues of the nonfunctional GCN4
leucine zipper mutant to determine the requirements
for recovery of normal stability and function. We made
the mutations in rat striated muscle a-tropomyosin cDNA
(Ruiz-Opazo and Nadal-Ginard, 1987) and expressed re-
combinant proteins in E. coli. Recombinant tropomyo-
sins were analyzed for thermal stability by using circular
dichroism (CD) and fluorescence spectroscopy, and
actin binding by cosedimentation with F-actin in the
Figure 2. The Effect of Mutations of the Ala Cluster in Period 5 on
Thermal Stability and Actin Affinity
(A) Fraction folded as measured by relative ellipticity at 222 nm as
a function of temperature. The tropomyosin concentration was
0.01 mg/ml. The TMs are reported in Table 2. The fraction folded is
relative to the mean residue ellipticity at 0ºC, where the proteins
were fully folded.
(B) Binding to filamentous actin. Tropomyosin (0.12–8.0 mM, de-
pending on the tropomyosin) and 0.18–12 mM troponin T70–170
(Palm et al., 2001) were combined with 5 mM actin and sedimented
at 20ºC in 200 mM NaCl, 10 mM Tris-HCl (pH 7.5), 2 mM MgCl2,
and 0.5 mM DTT. Stoichiometric binding of 1 tropomyosin:7 actins
is represented by the 1.0 fraction of maximal binding. The apparent
Kapps are reported in Table 2. Symbols: closed circle, wild-type;
open circle, Exon 5-QNQ; closed triangle, Exon 5-LVL.presence of a TnT fragment that binds to the C terminus
and increases the affinity of unacetylated tropomyosin
for actin (Palm et al., 2001).
Importance of Coiled-Coil Flexibility
for Tropomyosin Function
First, we tested if the flexibility in period 5 imparted by
the interface Ala cluster is required for tropomyosin
function, as we previously reported for the period 2 Ala
cluster (Singh and Hitchcock-DeGregori, 2003). In anal-
ogous mutants (Table 1), Exon 5-LVL is a triple mutant in
which a and d interface residues were changed to create
a canonical coiled coil (A179L-A183V-S186L) as well as
Exon 5-QNQ (A179Q-A183N-S186Q), which mimics the
stability, but not the close packing, of the wild-type
interface.
The effect of the mutations on the thermal stability of
tropomyosin was analyzed by using CD (Figure 2A; Ta-
ble 2). Replacement of the Ala cluster with a canonical
coiled coil (in Exon 5-LVL) stabilized the entire molecule,
increasing the TM of the major transition, and the overall
TM, from 42.6ºC to 56.4ºC. There were multiple transi-
tions, and most of the molecule unfolded at higher tem-
perature and with lower cooperativity than the main
transition of wild-type tropomyosin (TM2 = 44.6ºC). The
pretransition, TM1 (35.4ºC) of wild-type in the region of
the mutations where tropomyosin is partially unfolded
or in a molten globule state at physiological temperature
(Betcher-Lange and Lehrer, 1978), was lost. The region
of tropomyosin contributing to the pretransition in
wild-type unfolds as part of the major unfolding transi-
tion in Exon 5-LVL (TM2, 61.8ºC; see below, Figure 4).
The TM of Exon 5-QNQ was close to that of wild-type,
but it was less cooperative and had a less distinct pre-
transition. The stabilization and destabilization effects
of LVL and QNQ, respectively, are similar to what we
have reported for the same mutations in periods 1 and 2
(Singh and Hitchcock-DeGregori, 2003) and system-
atic analysis of the effects of stabilizing and destabiliz-
ing interface residues in model peptides (Kwok and
Hodges, 2004; Lu and Hodges, 2004). Molecular model-
ing showed that the stability is related to the packing of
the side chains in the hydrophobic core. The results are
consistent with previous studies showing that the major
factor modulating the stability of the coiled coil is the hy-
drophobicity of the residues at the a and d positions
at the coiled-coil interface (Greenfield and Hitchcock-
DeGregori, 1995; Hodges et al., 1990). The instability of
tropomyosin allowed by the wild-type interface (AAS),
or QNQ, is necessary for tropomyosin function. The ac-
tin affinity of Exon 5-QNQ was indistinguishable from
wild-type tropomyosin (Figure 2B; Table 2). The Exon
5-LVL mutant, in contrast, bound poorly (Figure 2B).
From these results, we conclude that the instability al-
lowed by the interface Ala cluster in period 5 is crucial for
tropomyosin function, as it is in period 2. Many proteins
have an inverse correlation between stability and flexibil-
ity in solution (Dyson and Wright, 2005). Our results sup-
port the proposals of McLachlan and Stewart (1976) and
Brown et al. (2001) that the Ala clusters allow for critical
semiflexible winding of tropomyosin on the actin fila-
ment. We suggest that the flexibility results from the lo-
cal instability of the coiled coil consequent to increased
Structure
46dynamic fluctuation of core side chains that are poorly
packed (Singh and Hitchcock-DeGregori, 2003), rather
than increased backbone mobility or specific kinks in
the molecular axis that result from close packing and
staggering of the chains (Brown et al., 2001). In solution
structures of the cJun and tropomyosin coiled coils, the
side chains of noncanonical interface residues (Q at
a d position in a tropomyosin C-terminal peptide and N
at an a position of the cJun leucine zipper) are flexible,
while the backbone stability of these residues, intrinsic
to the helix, is similar to the backbone of other residues
in the coiled-coil domain (Greenfield et al., 2003; Junius
et al., 1996; MacKay et al., 1996).
Sequence Specificity and Stability Are Both
Important for Tropomyosin Function
Replacement of residues 165–188 of period 5 with a
GCN4 leucine zipper sequence (Table 1) increases the
overall stability of tropomyosin by 14ºC; the pretransi-
tion at 35.4ºC in wild-type is lost, and the TM of the major
unfolding transition is elevated from 44.6ºC to 71.3ºC
(Hitchcock-DeGregori et al., 2002) (Table 2). The muta-
tion destroys actin binding and regulatory function. To
address the role of sequence specificity, we made a
series of gain-of-function mutations in this mutant.
Twenty-two of the 24 residues of Exon 5-Zip differ from
wild-type (Table 1). Three are conservative changes at in-
terface a and d positions. The alanine cluster (AAS) is re-
placed by the canonical coiled-coil motif, LVL, making
the interfaceentirelycanonical (except forN176;Figure1,
green). Mutation of the LVL motif to AAS or QNQ destabi-
lized Exon 5-Zip to near wild-type values (Figure 3A; Ta-
ble 2). Near normal stability alone did not restore cooper-
ative actin binding (Figure 3B). The Exon 5-Zip-AAS and
-QNQ mutants did not bind with measurable affinity and
were at least 50-fold weaker than wild-type, although the
affinity was higher than that of Exon 5-Zip.
Sequence, together with interface stability, is impor-
tant. At the noninterface positions in the residue 165–
188 region of the Exon 5-Zip proteins, only two are the
same as wild-type (Table 1). Phillips’s Fourier analysis of
an atomic model of tropomyosin (Phillips, 1986) showed
evidence for a strong 7-fold structural repeat that ap-
proximately corresponds to McLachlan and Stewart’s
a bands (McLachlan and Stewart, 1976) (Figure 1,
Table 2. The Actin Affinity and TM from the Ellipticity at 222 nm
of Tropomyosin Mutants
Tropomyosin
Kapp
(31026 M21)a
TM1
(ºC)b
TM2
(ºC)b
CD TM
(ºC)c
Wild-type Exon 5 0.54 6 0.01 35.4 44.6 42.6
Exon 5-QNQ 0.52 6 0.02 36.5 47.0 41.8
Exon 5-LVL >> 1 50.1 61.8 56.4
Exon 5-Zip >> 10 51.5 71.3 56.4
Exon 5-Zip-AAS >> 10 40.8 50.2 45.0
Exon 5-Zip-QNQ >> 10 45.4 43.6
Exon 5-Zip-Revert 2.22 6 0.08 44.6 45.0
a The values for Kapp, shown with standard errors. The data in Fig-
ures 2B and 3B were fit to the Hill equation, and the Kapp is that re-
ported by SigmaPlot for measurements at 200 mM NaCl (see Exper-
imental Procedures).
b TM1 (pretransition) and TM2 (major dissociating transition) are the
observed midpoints of each transition.
c TM is the overall unfolding temperature.cyan). Within these periods, Phillips noted a characteris-
tic pattern of seven electronegative, electropositive, and
nonpolar residues present in the b, c, and f positions
(Table 1, in cyan) that form a stripe along the exposed
face of each a band, and suggested that they may repre-
sent periodic actin binding sites.
Residues 165–188 of TM contain the consensus se-
quence for period 5 (in boxes in Table 1); none are re-
tained in Exon 5-Zip (Figure 1). To test the contribution
of the Phillips consensus pattern, in Exon 5-Zip-Revert
we restored the wild-type residues at these seven posi-
tions in the Exon 5-Zip-AAS mutant, along with the wild-
type Glu at position 180 (Figure 1; Table 1). Changing the
eight noninterface residues had little effect on the overall
stability, though the unfolding was more cooperative
and there was not a distinct pretransition (Figure 3A;
Table 2). However, actin binding was cooperative and
saturable with an affinity just 4-fold weaker than wild-
type (Figure 3B; Table 2). The results show that tropo-
myosin’s actin affinity is influenced by interface stability
as well as by critical surface residues.
Figure 3. Mutations in the Exon 5-Zip Mutant to Restore Function
(A) Fraction folded as measured by relative ellipticity at 222 nm as
a function of temperature. The TMs are reported in Table 2. Condi-
tions are as in Figure 2.
(B) Binding to filamentous actin. Conditions are as in Figure 2. The
apparent Kapps are reported in Table 2. Symbols: closed circle, wild-
type; open circle, Exon 5-Zip-Revert; closed triangle, Exon 5-Zip-
AAS; open triangle, Exon 5 Zip-QNQ; closed square, Exon 5-Zip.
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in Local Stability or Flexibility
Extensive analysis of striated muscle tropomyosin has
shown that the broad unfolding pretransition (TM1 =
35.4ºC) involves an internal region of tropomyosin that
includes residues 165–188 (Betcher-Lange and Lehrer,
1978; Graceffa and Lehrer, 1980; Ishii et al., 1992). One
way to monitor local unfolding is the excimer fluores-
cence of tropomyosin modified at Cys190 (an interface
d position) with pyrene iodoacetamide (PIA) (Graceffa
and Lehrer, 1980). As tropomyosin unfolds, the pyrene
excimer fluorescence increases, and then decreases
as the chains dissociate during the main transition. The
initial increase in excimer fluorescence reflects a local
increase in side chain flexibility that allows for interac-
tion between the pyrenes of the two chains (Betcher-
Lange and Lehrer, 1978; Graceffa and Lehrer, 1980).
The wild-type tropomyosin and the Exon 5-QNQ and
-LVL mutants were labeled at Cys190 with PIA, and the
loss of a helix and pyrene excimer fluorescence was se-
quentially measured. Figure 4A shows the characteristic
unfolding pattern of wild-type tropomyosin in which the
excimer fluorescence increases prior to the final unfold-
ing transition (34.9ºC versus 43.9ºC). The unfolding of
PIA-Exon 5-QNQ occurred over a broader temperature
range and was less cooperative than wild-type tropomy-
osin and unlabeled protein (compare Figures 2A and
4B). The pyrene excimer fluorescence increased at
temperatures well below the main unfolding transition
(19.8ºC versus 42.6ºC), also indicating that the mutation
has destabilized the interface and neighboring regions.
In PIA-Exon 5-LVL, there was no low-temperature pre-
transition, like the unlabeled protein (Figure 4C). The
main increase in excimer fluorescence occurred at a re-
duced temperature immediately prior to chain dissocia-
tion (55.9ºC versus 58.1ºC). This result shows that the
LVL mutation locally stabilized the exon 5 region of
tropomyosin. The pyrene modification had little effect
on the stability of wild-type and Exon 5-LVL, but it locally
destabilized Exon 5-QNQ (Figure 4, insets).
Discussion
The present analysis, together with previous work, indi-
cates that generic and specific features of tropomyosin’s
periodic sequence are required for actin binding. A ge-
neric feature (beyond the heptapeptide peptide repeat
of interface hydrophobic residues that is the coiled-coil
signature) is the presence of destabilizing clusters at
the hydrophobic interface. Though these are distributed
with an approximate periodicity throughout the structure
(Brown et al., 2001; Kwok and Hodges, 2004; McLachlan
and Stewart, 1976), the relationship is poor to other fea-
tures of the periodic repeats, such as the consensus ac-
tin binding sites illustrated in Figure 1. The interruption of
long periods of canonical coiled coil by Ala, or other res-
idues with side chains that decrease the stability and in-
crease the flexibility of the coiled coil, is required for
tropomyosin function. We showed this to be the case
in period 2, where the Ala cluster is separate from the
consensus sequence (Singh and Hitchcock-DeGregori,
2003), and, here, in period 5, where it is within the con-
sensus residues.Our results support a model in which interface side
chain flexibility results from local destabilization and
poor interface packing of the coiled coil; it cannot be
explained on the basis of bends introduced by stagger-
ing the two closely packed chains (Brown et al., 2001).
Tropomyosins in which the period 2 AAA or the period
5 AAS interface is replaced by QNQ bind to actin and
Figure 4. Unfolding of Tropomyosins Labeled at Cys190 with Pyrene
Iodoacetamide to Measure the Relationship between the Loss of the
a Helix and the Increase in Pyrene Excimer Fluorescence
(A–C) The conditions were the same as for the circular dichroism ex-
periments in Figures 2 and 3, except the protein concentration was
0.01 mg/ml. (A) Wild-type. (B) Exon 5-QNQ. (C) Exon 5-LVL. Sym-
bols: open circle, ellipticity; closed triangle, first derivative of elliptic-
ity isotherm; closed circle, excimer fluorescence. The vertical lines
indicate the T1/2 of the pyrene excimer peak; the arrows indicate
the TM of the final unfolding transition. The final transition of the ther-
mal unfolding, with a loss of ellipticity and fluorescence, accompa-
nies chain dissociation. The increase in pyrene fluorescence occurs
during a pretransition, except in Exon 5-LVL, where it occurs just
prior to chain dissociation. The insets compare the temperature de-
pendence of the circular dichroism of unlabeled (closed circle) and
labeled (open circle) protein at 0.1 mg/ml.
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turation (Singh and Hitchcock-DeGregori, 2003; this
work). Models show how the QNQ interface is poorly
packed and how the chains are not close together (Singh
and Hitchcock-DeGregori, 2003). The formation of pyr-
ene excimers between pyrenes on Cys190 residues of
opposing chains upon thermal denaturation is further
evidence of local side chain flexibility that may result
from a change in interface packing (Betcher-Lange and
Lehrer, 1978; Graceffa and Lehrer, 1980; Greenfield and
Hitchcock-DeGregori, 1993; Ishii et al., 1992). Excimer
formation may require local backbone separation or
sliding, but it is not necessarily accompanied by in-
creased backbone flexibility. Our results indicate that
at physiological temperatures the period 5 region of
wild-type and Exon 5-QNQ is more flexible than Exon
5-LVL, which is almost fully folded.
The idea that flexibility results from specific bends in
the coiled coil comes from the observed stagger of the
closely packed chains at the period 1 Ala cluster of a
tropomyosin fragment whose structure was determined
with X-ray diffraction at low temperature (Brown et al.,
2001). If the flexibility at the period 5 interface was de-
rived from close packing and stagger of the chains, a
pyrene excimer would not be able to form. We conclude
that the model in which the flexibility required for tropo-
myosin to bind to the actin filament depends on specific
bends in the coiled coil does not apply to the period 2
and period 5 Ala clusters.
To our knowledge, our results give new insight into the
requirements for actin binding sites on tropomyosin that
are relevant to the general problem of how a coiled coil
binds to a target protein. There must be a specific recog-
nition site on the surface of the coiled coil, in addition to
a poorly packed or flexible interface, for a particular re-
gion of tropomyosin to bind to actin. The consensus site
of period 5 meets these requirements. The specificity of
the period 5 sequence for actin affinity initially was a sur-
prise to us. Replacement of the period 2, 3, or 6 consen-
sus actin sites of striated muscle a-tropomyosin with
a GCN4 leucine zipper sequence results in modest de-
creases in actin affinity; moreover, it had little effect
on stability (Hammell and Hitchcock-DeGregori, 1997;
Hitchcock-DeGregori and An, 1996). However, when in-
troduced into period 5, it replaces an Ala cluster with
LVL, whereas, in the other sites, the interface within
the consensus site is a canonical coiled coil.
The mutants analyzed in the present work illustrate
the dual requirement of sequence and flexibility. The
Exon 5-LVL mutant has the consensus site, but the in-
terface is stable; it does not bind to actin. The Exon
5-Zip-AAS mutant has the flexible interface, but it lacks
the consensus site; it does not bind to actin. Only
when the consensus sequence is restored is function
recovered.
There is extensive support for periodic actin binding
sites that are not strictly quasi-equivalent. In their origi-
nal analysis of the sequence periodicities, McLachlan
et al. (1975) noted that periods 1 and 5 are the most sim-
ilar to each other, and they suggested that period 5 is
a repeat of period 1. One feature that distinguishes peri-
ods 1 and 5 from the other five is that they are the only
two with Ala clusters within the consensus sequence re-
gion (Figure 1). We suggest that it is not a coincidencethat these regions are also the major binding sites for
troponin (Perry, 2001).
If the local instability introduced by interface alanines
at a consensus site is required for actin binding, as
we maintain, then what is the purpose of the other peri-
ods? Some function is indicated because, in general, the
sequences of the consensus repeats are more highly
conserved in higher eukaryotes than the intervening
noninterface residues (Hitchcock-DeGregori, 1994). The
affinity of an individual tropomyosin molecule is weak
(Wegner, 1979), and binding is only observed in vitro be-
cause it is cooperative. The initial interaction of a tropo-
myosin molecule with an actin filament may take place
at the ends and/or middle (period 5). Binding at one
site would reduce the translational-rotational entropy
such that the entropic cost for subsequent binding of
consensus residues at the other five periods to actin
would be low (Finkelstein and Janin, 1989), allowing
them to bind and modulate interaction with the actin fila-
ment once the initial binding has taken place.
Three-dimensional reconstructions of electron mi-
crographs of actin filaments show that tropomyosin-
troponin changes its position on the filament in re-
sponse to Ca2+ and myosin binding, and that different
tropomyosin isoforms assume different preferred posi-
tions on the filament (Craig and Lehman, 2001; Lehman
et al., 2000). Recent studies suggest that it rolls on the
actin filament (Bacchiocchi and Lehrer, 2002; Holthau-
zen et al., 2004), but it is unresolved if tropomyosin binds
in an equivalent manner to each actin subunit along its
length (Narita et al., 2001; Pirani et al., 2005). Our experi-
ments cannot begin to address these questions until
there is high-resolution structural information to define
the binding site for actin on tropomyosin and for tropo-
myosin on actin.
The present results support our hypothesis regarding
interactions of coiled-coil domains (Greenfield et al.,
2003) in which we suggest that side chain flexibility re-
sulting from noncanonical coiled-coil packing is essen-
tial for binding interactions. In addition to being impor-
tant for binding of tropomyosin to actin (this work),
flexibility is also crucial for binding of a C-terminal tropo-
myosin peptide to the N terminus of troponin T (Green-
field et al., 2002, 2003). Previous reference was made
to the flexible side chain of the noncanonical Q263 at
a d position (Greenfield et al., 2003). Mutation of Q263
to the canonical interface residue Leu increased the
helical content and stability of the peptide, whereas a
Q263A mutation had little effect (Greenfield et al., 2002).
The stable Q263L mutant was unable to form a complex
with troponin T and the N terminus of tropomyosin,
whereas the Q263A mutant functioned normally. Non-
canonical coiled coils are involved in functional interac-
tions of other proteins, for example, in the binding of
Xrcc4 to DNA ligase IV (Sibanda et al., 2001).
The tropomyosins found in higher eukaryotes are
unusual in that the coiled coil is uninterrupted, unlike
the coiled coils of other a-fibrous proteins that contain
breaks in the heptapeptide repeat that introduce flexibil-
ity (Brown et al., 1996). The coiled coil, however, is a
widespread motif involved in oligomerization as well as
binding to target proteins. We anticipate that local flex-
ibility/instability resulting from poor interface packing
will be recognized as a widespread strategy by which
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49other coiled-coil proteins bind to their targets. Disease-
causing mutations in coiled-coil proteins may often in-
terfere by altering stability, as seen in tropomyosin (Go-
litsina et al., 1997; Hilario et al., 2004; Moraczewska
et al., 2000) and troponin T (Palm et al., 2001).
Experimental Procedures
DNA Construction and Protein Purification
Striated muscle a-tropomyosin variants were made in a rat striated
a-TM clone cDNA, gift of Dr. Bernardo Nadal-Ginard (Ruiz-Opazo
and Nadal-Ginard, 1987), cloned in pET11d (Studier et al., 1990)
for expression in Escherichia coli. The mutations were made by us-
ing two-stage PCR as previously described (Singh and Hitchcock-
DeGregori, 2003) with the oligonucleotides listed below (changed
nucleotides in lower case) and their reverse complements.
Exon 5-QNQ: 50-AGTGATCTGGAGCGTcagGAGGAGAGGaacG
AGCTCcagGAAGGCAAATGTGCGG-30
Exon 5-LVL: 50-AGTGATCTGGAGCGTctgGAGGAGAGGgtgGAG
CTCctgGAAGGCAAATGTGCGG-30
Exon 5-Zip: construction of this mutant was previously de-
scribed as TM-5NZip in (Hitchcock-DeGregori et al., 2002).
Exon 5-Zip-AAS: 50-CTGTCTAAAAACTACCATgcgAAAAACGAA
gcgGCTCGTtctAAAGACAAATGTGCGGAG-30
Exon 5-Zip-QNQ: 50-CTGTCTAAAAACTACCATcagAAAAACGAA
aacGCTCGTcagAAAGACAAATGTGCGGAG-30
Exon 5-Zip-Revert (of Exon 5-Zip-AAS): 50-GACCGAAAGTATG
AGGAGCTTGAAcgTAAAGTTGAAATTCTCGAGTCTAAAAACGA
AcgtgcggaagaaGAAgcgGCTctgagcAAAGACAAATGTGCGGAG
CTTG-30
The tropomyosins were expressed in E. coli BL21(DE3) cells
(Studier et al., 1990) and were purified as previously described (Ham-
mell and Hitchcock-DeGregori, 1996) by ammonium sulfate fraction-
ation and chromatography on DE52 cellulose and hydroxylapatite.
The observed masses, determined by using electrospray mass spec-
trometry, corresponded well to calculated values: wild-type: 32,680
calculated, 32,677 observed; Exon 5-QNQ: 65,641 calculated (cross-
linked), 65,636 observed; Exon 5-LVL: 32,777 calculated, 32,773 ob-
served; Exon 5-Zip: 32,852 calculated, 32,847 observed; Exon 5-Zip-
AAS: 65,509 calculated (crosslinked), 65,517 observed; Exon 5-QNQ:
65,791 calculated (crosslinked), 65,800 observed; Exon 5-Zip-
Revert: 32,755 calculated, 32,751 observed. Chicken skeletal muscle
actin and a recombinant fragment of human cardiac TnT70–170 were
prepared as previously reported (Hitchcock-DeGregori et al., 1982;
Palm et al., 2001).
Circular Dichroism and Fluorescence Spectroscopy
Thermal stability measurements were made by following the elliptic-
ity of tropomyosin at 222 nm as a function of temperatures in 0.5 M
NaCl, 10 mM sodium phosphate (pH 7.5), 1 mM EDTA, 0.5 mM DTT in
an Aviv Model 215 spectropolarimeter with a total fluorescence at-
tachment. The overall apparent TM was calculated based on the as-
sumption that the unfolding could be fit by up to three independent
helix-coil transitions with dissociation accompanying the helix-coil
transition at the highest temperature (Greenfield and Hitchcock-De-
Gregori, 1995), and the TMs of the individual transitions were deter-
mined from the first derivative of the melt. The tropomyosins were
modified at Cys190 with PIA in the presence of GuHCl by following
the protocol of Ishii and Lehrer (1990). The bound pyrene was deter-
mined to be 80%–95% based on the extinction coefficient of bound
PIA and the free sulfhydryl determined by using [NbS]2 (Lehrer,
1975). For the fluorescence measurements, the excitation wave-
length was 340 nm. Monomer and excimer fluorescence were mon-
itored by using 385 nm and 475 nm interference filters, respectively.
The protein concentration was 0.01 mg/ml in the same conditions as
those for the thermal stability measurements.
Actin Binding Assays
The affinity of tropomyosin for filamentous actin was measured by
cosedimentation (Hammell and Hitchcock-DeGregori, 1996). Tropo-
myosin (0.12–8.0 mM, depending on the tropomyosin) and 0.18–
12 mM troponin T70–170 (Palm et al., 2001) were combined with 5 mMactin and sedimented at 20ºC in 200 mM NaCl, 10 mM Tris-HCl
(pH 7.5), 2 mM MgCl2, and 0.5 mM DTT. The troponin T fragment,
which binds to the carboxyl terminus of tropomyosin (Palm et al.,
2001), was added to increase the affinity of unacetylated, recombinant
striated muscle tropomyosin for actin. The pellets and supernatants
were analyzed by SDS-PAGE, stained with Coomassie blue, and an-
alyzed densitometrically. The free tropomyosin in the supernatants
was calculated from standard curves for wild-type tropomyosin.
The apparent Ka of Tm for F-actin and the Hill coefficient (n
H) were
determined by fitting the experimental data to the following equation
by using SigmaPlot (Jandel Scientific, San Rafael, CA):
v = n[Tm]nHKnHapp=1 + [Tm]
nHKnHapp; (1)
where v = the fraction of maximal Tm binding to actin, n = maximal
Tm bound, [Tm] = [Tm]free. The Tm:actin ratio was normalized to
1.0 by dividing the Tm:actin ratio obtained from densitometry by
the observed Tm:actin maximal ratio at saturation.
Modeling
Modeling was carried out with SYBYL (Tripos, Inc.). The mutations
were introduced into the 7 A˚ structure (Whitby and Phillips, 2000;
PDB entry 1C1G). The molecular graphics images were produced
by using the UCSF Chimera package from the Computer Graphics
Laboratory, University of California, San Francisco (Pettersen et al.,
2004) supported by National Institutes of Health grant P41 RR-01081.
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